Spray-drying is an effective method for producing powder aggregates with controlled size and morphology. Here, we report on a systematic study aimed at determining how spray-drying parameters such as nozzle temperature, gas flow, salt concentration and solution feed rate, influence the characteristics of BaCl 2 granules prepared from aqueous solutions. We correlate the granule characteristics to these conditions through the use of processing maps and modeling. It is found that well-dispersed, high density and spherical aggregates, which are favorable for subsequent powder compaction and sintering, can be obtained within a limited range of processing conditions.
and a combination of experimental and theoretical work on actual multiple-particle spray dryers 18, 19 . Many factors affect the final morphology of the particles, but most published theories focus on the drying mechanism in single droplets under controlled conditions. The following is a summary of the initial stages of drying described by many models and reviewed in the comprehensive article by Mezhericher et. al 20 . It only takes milliseconds for the droplet to reach thermal equilibrium with the drying air and begin evaporating at a constant rate. This stage proceeds as long as the surface remains saturated with liquid. If the evaporation proceeds too quickly for the solute to redistribute by diffusion in the liquid droplet, then a solid crust forms. The low permeability of this crust may affect further drying by impeding the evaporation of the solvent trapped in the center. Depending on the nature of the surface layer, several pathways are possible. The temperature of the droplet may increase because of hindered mass transport in the droplet subsurface. This may result in an increase in pressure when the temperature exceeds the boiling point of the solvent. Under these conditions, the shell may either swell or fracture and a wide variety of particles shapes can be produced through this process. If the crust is porous and allows for the outward percolation of water, then a solid egg-shell can form. It is however possible to obtain dense granules under a particular set of conditions described by Jayanthi et al. 21 . This can be understood by considering the slope of the radial concentration profile of the solute in the droplet. Steep concentration profiles at the point of critical supersaturation lead to crust formation before any precipitate forms near the center of the droplet, whereas flatter concentration profiles lead to volume precipitation and dense particles. The development of a specific concentration profile depends heavily on the radial temperature profile as well as on the initial concentration of solute in the droplet. Other factors also affect the formation of irregular particles: if droplets exit the nozzle with a high Reynolds number, their shape oscillates before stable drops are formed. Under high evaporation rate, unstable droplets lead to nonspherical, porous, plate-like or spherulitic aggregates unsuitable for compaction. Similarly, the coalescence of incompletely dried droplets will produce hard agglomerates of smaller aggregates. Some of these aspects are discussed in the experimental work by Lin et al.
12 on the influence of processing conditions on the morphology of various water-soluble salts including calcium acetate, sodium chloride, ammonium chloride. These past studies provide a useful basis for the systematic study of the effect of spray drying parameters on the morphology of BaCl 2 powders.
III. Experimental Procedure

Material
BaCl 2 can crystallize in the anhydrous, mono-hydrate, or di-hydrate form depending on the partial pressure of water. The transition from one phase to the other is a reversible process 22, 23 . Three aqueous solutions of varied BaCl 2 concentrations were prepared by dissolving an appropriate mass of barium chloride di-hydrate BaCl 2 2H 2 O (99.9% purity, Alfa Aesar) into deionized water. The concentration of these solutions with respect to the solubility limit of anhydrous BaCl 2 in water is show on Fig. 1 . This study focuses only on the 8.66g/100mL concentration as it produced free-flowing spherical powders as well as a wide range of other morphologies if we deviated from ideal processing conditions.
Spray dryer
Our experiments were carried out with a tabletop spray-dryer (Büchi B-290) fitted with the inert loop cooling module (Büchi B-295) set at 17 o C. The spray dryer was operated in a closed loop mode, where high purity nitrogen working gas exiting the cyclone was fed into the cooling loop, heated and accelerated back into the drying chamber by the aspirator. To ensure maximum separation rate in the cyclone, the aspirator, which determines the velocity of the gas moving through the system, was set at its maximum capacity (38 m 3 /hr). The spray nozzle has a 0.7-mm opening for the feed solution and a 1.4-mm diameter opening for the gas in the two-fluid geometry. The feed solution of BaCl 2 was introduced into the nozzle using a peristaltic pump. Four independent experimental parameters were explored in this study: (1) the solution feed rate, (2) the atomization gas flow and (3) the drying gas inlet temperature. Each of these parameters was varied over a range of values (low, medium and high) as presented in Table 1 . A total of 27 separate powder samples, about 2 g each, were produced and subsequently characterized.
Characterization of powders
The morphology of the powders collected from each experiment was examined by scanning electron microscopy (SEM, Zeiss Ultra-55). The particle size distribution was measured with an acoustic particle size analyzer (AZR-2X, Colloidal Dynamics). For the AZR-2X measurement, powder samples were dispersed into 1,2 dichloroethane using 1% solid loading fraction and dioctyl sodium sulfosuccinate (AOT) as a dispersant. Particle morphology was examined by SEM both before and after preparation of the slurry to confirm that BaCl 2 has negligible solubility in dichloroethane. Size distribution was determined by an average of three measurements using the ESA method 24 . The distribution is assumed to be lognormal with the range and center of the distribution being fitting parameters. A statistical analysis of particle sizes in SEM micrographs is used to supplement the particle size data from the AZR-2X. The diameters of 40 particles across 2 SEM micrographs with different magnifications were measured using the ImageJ 25 software measurement tool calibrated to the scale bar produced by Zeiss software. A histogram of particle size versus population was constructed using a bin size of 10
, where x is an integer, in order to correlate well to the log scale of the AZR-2X. Powder x-ray diffraction (XRD) was performed in the Bragg-Brentano geometry (Rigaku D/Max) using copper-Kα radiation to determine the phase of the powders. Loose powders were pressed lightly into an aluminum sample holder for measurement.
IV. Results and Discussion
The examination of powder samples by SEM reveals that, compared to the irregular raw commercial powders, the morphology of spray-dried powders fall into five different categories depending on the processing conditions: 1) platelet aggregates, 2) hard agglomerates of spherical granules, 3) spherulites, 4) hollow shells, and 5) dispersed, denser, spherical aggregates, all of which are shown in Fig. 2 . The typical size distribution of dispersed, dense aggregate powders is shown in Fig. 3 . The lognormal distribution obtained by AZR-2X measurements is centered around 0.7 µm with a range of 0.1 µm to 7 µm. This distribution is more symmetric and has a slightly lower mean particle size compared to the histogram obtained from SEM micrographs of the same powder sample. The slight discrepancy is likely a combination of the small sample size in the SEM size analysis and the imperfect properties of the suspension. These SEM micrographs also show spherical aggregates are composed of elongated crystallites with an average length below 500 nm. Comparison of XRD patterns collected from both commercial and spray dried powders with patterns from literature reveal the presence of different phases depending on processing conditions 26, 27 . Detailed sintering studies will be presented elsewhere.
V. Processing maps
For a given solution feed rate, the predominance domains for the five powder morphologies described above were plotted as a function of the atomization gas flow and gas inlet temperature. In these processing maps, each domain indicates that a given morphology is more prevalent than any other.
Despite the repeatability of the process, the statistical nature of this census yields maps in which domain boundaries are only approximate. Examples of these processing maps are shown in Fig. 5 to 7. The next three sections give a qualitative analysis of these figures.
Low solution feed rate
Moving from left to right along the temperature axis of Fig. 5 , the particle morphology transitions from higher density particles to hollow spheres. Evaporation rate is expected to increase with inlet temperature, thus upsetting the balance between the evaporation rate and the ability of the solute to redistribute in the droplet. Moving along the y-axis, the gas flow rate increases. In other words, the solution is sprayed into a finer mist with a more turbulent flow. As a result, drying rates increase as the mean droplet size decreases, and it is expected that a similar change of granule morphology will be observed as in the case of temperature increase. However, large populations of shells are not observed at high gas flow rates. The increased velocity and turbulence with which the mist exits the nozzle at higher flow rate seem to dominate the particle formation process. These conditions may cause an increased number of collisions between droplets early in the drying process, leading to coalescence and the formation of hard agglomerates.
The last particle morphology in the 12 ml/min pump map is the spherulite. Attempts have been made to understand the formation of such particles, the consensus being that a high degree of undercooling and deviation from thermal equilibrium at nuclei-solution interfaces is required. 28, 29 Spherulites in this study are always observed at high inlet temperature. According to calculations of Dalmez, the temperature profile within a droplet can be more than 12 o C and increases significantly with temperature in the case of spray dried milk
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. Thus it is not unreasonable to find the conditions for spherulitic crystallization to be met in our experiments.
Intermediate solution feed rate
When the pump rate is increased, the spherulite region increases in size, and the hard agglomerate region shifts to the right to make room for a different morphology, platelet aggregates (Fig. 6) . The shift and growth of the hard agglomerate region occurs because more solution is introduced into the system, causing water vapor pressure to increase and drying rates to decrease. Collisions between droplets and damp particles are thus more likely. The platelet aggregates can be considered particles with larger primary grain size, which do not favor assembly into spherical aggregates. At higher feed rates and lower temperatures, the drying rate is lower than at any point on the 12 ml/min feed map. The growth of precipitated nuclei may proceed to a greater extent under these conditions.
High solution feed rate
The only notable change in the processing map at high solution feed rate (Fig. 7) is the shift of all boundary lines towards higher temperatures. Higher feed rates increase the water partial pressure in the drying chamber, hence slowing down the drying rate. This in turn favors the formation of large crystallites and hard agglomerates. The region for formation of higher density, spherical aggregates is very limited at this flow rate.
VI. Modeling
Approach
In order to better understand the experimental conditions that favor the formation of dispersed, dense, spherical aggregates, and explain our experimental maps more quantitatively, we analyzed the balance Page 8 of 31 Journal of the American Ceramic Society between solvent evaporation rate and diffusional mass transport of the solute during the drying process.
This approach has been well documented [31] [32] [33] . This balance can be written in the form of a dimensionless Peclet number as follows:
where N is the evaporation rate in kg/s, ρ l is the density of the liquid phase in the droplet (hence N/ ρ is the corresponding volume of the liquid phase lost to the gas phase per unit time), D is the ambipolar ionic diffusivity of BaCl 2 in water and L is the characteristic length over which ionic diffusion proceeds, i.e. the radius of the droplet d/2. The evaporation rate is a function of the droplet surface area, A, the temperature difference between the drying gas and droplet surface, T gas -T droplet , the latent heat of evaporation for water H, and the heat transfer coefficient h at the gas-droplet interface: 14 The drying gas temperature, T gas , which enters Eq. 2, is assumed to be equal to the inlet temperature (x-axis of the maps) measured just before it enters the drying chamber. The feed solution is partially warmed up as it travels down the nozzle and the droplet temperature, T droplet , at the beginning of the drying stage, is estimated through the following energy balance equation between the inlet and the outlet of the drying chamber:
Eq. 7 establishes the conservation of free energy between the incoming and outgoing phases and includes the heat absorbed in the conversion of liquid water to vapor, the heat released by the crystallization of the salt and the heat lost through the wall of the drying chamber. The variables m, c p and
Page 10 of 31 Journal of the American Ceramic Society T are the masses, heat capacities and temperatures of each phase, and H v and H c are the latent heats of vaporization of water and of crystallization of BaCl 2 .nH 2 O, respectively. During the constant-rate evaporation stage, the temperature of the droplets is equal to the wet-bulb temperature and, at the inlet, T droplet =T i,H2O . Because of the small concentration of salt chosen for our experiments, the term corresponding to the release of heat due to crystallization, H c m BaCl2 , can be neglected compared to the other terms. The heat loss at the outer surface of the drying chamber is assumed to be in steady state.
This balance assumes (1) an isobaric and isochoric process in which no work is produced by the system and (2) all liquid water is converted into vapor. This last assumption is validated by calculating the partial pressure of water for 100% transfer of inlet liquid water to the vapor phase at the outlet. Calculated pressures are compared to the equilibrium partial pressures of water at the anhydrous-to-monohydrate and monohydrate-to-dihydrate transitions in Fig. 8 . The majority of conditions are expected to produce the mono-hydrate phase with the exception of spherulitic and hollow shell conditions (high temperature and small droplet sizes), which are expected to produce the anhydrous phase. XRD, examples of which are given in fig. 4 , confirms that most conditions indeed produce the mono-hydrate phase, with a few samples processed at lower temperatures and lower solution feeds exhibiting a purely di-hydrate phase. The anhydrous phase was not detected in any powder samples, suggesting hydration of powders with exposure to air during handling or inaccurate prediction of humidity. Nevertheless, the predominant phase in the 
Construction of Peclet maps
The various physical quantities relevant to the problem and needed to solve Eq. (1) through (8) are listed in Table 2 . The mass flux of each phase is determined from calibration tables provided by Büchi 37* for both gas flow driven by the aspirator and solution flow driven by the peristaltic pump. The feed solution calibration values were crosschecked by measuring the volume pumped in one minute, for each setting, using a graduated cylinder.
Several simplifying assumptions are made with regard to the thermal masses appearing in Eq. 7: the heat capacity and density of the solution are approximated by those of liquid water since only dilute solutions of BaCl 2 are used. Similarly, because the thermal mass of the gas introduced by the atomizer in the system is small in comparison to that of the other fluids entering the drying chamber, its contribution to the energy balance is neglected. It is further assumed that the phases at the outlet of the drying chamber are in thermal equilibrium, thus implying that T o,BaCl2 = T o,N2 = T o,H2O = T o,meas , where T o,meas is the outlet temperature recorded by the built-in sensor of the instrument. At steady state, the rate of heat loss through the walls of the vessel is constant and the heat flux carried by conduction through the walls is equal to that removed by convection from the outer walls by the surrounding air. The average temperature of the vessel's outer wall was measured for three different inlet and outlet temperatures and taken to be a linear function of the temperature drop between the inlet and outlet. Hence, solving Eq. 7 for T droplet and using this solution in Eq. 2, allows one to calculate the evaporation rate and the Peclet number as a function of the inlet temperature and gas flow.
The results of these simulations are represented on Fig. 10 . We verified that, for the range of parameters explored in this study, Re and Pr are approximately 1.5 and 0.89 respectively, and confirm the applicability of the R-M correlation. The shape of the contour map for the 12 ml/min pump rate in Fig. 10 shows increasing Peclet number both along the x-and y-axes. As per Fig. 5 , the semi-circular predominance domain for the higher density, dispersed particles at 12 ml/min feed rate intersects the temperature axis at 140 o C and the gas flow axis at 65 l/h. The contour line corresponding to a Peclet number of 0.6 approximates this predominance domain. As expected, lower Peclet number favors the formation of denser, dispersed particles. The quantitative agreement between the calculated and experimental maps validates a posteriori the various assumptions of the model and demonstrates that this approach can be used in the optimization of powder fabrication with controlled morphologies. At the feed rates of 16.5 ml/min and 21 ml/min, the model does not correlate as well to experiments. A possible explanation is that Peclet number predicts trends in particle density without necessarily being correlated to agglomeration and other more complex morphologies. An interesting future study could involve the comparison of the model to a processing map based purely on particle density, and not more qualitative morphology descriptions.
VII. Conclusion
Dispersed, higher density, spherical aggregates of BaCl 2 were produced by spray drying aqueous solutions. Processing maps were constructed to define the processing conditions conducive to specific powder morphologies. Modeling based on mass and heat balance in the spray dryer has provided confirmation of the trends observed experimentally as well as a more generalized view of the process. In particular, the Peclet number can be a powerful tool for predicting the conditions suitable for the formation of well-dispersed, micron-size spherical aggregates. At the 12 ml/min solution feed rate, values of Peclet number less than 0.6 lead to higher density granules, while larger values favor the formation of hollow, aggregated or spherulitic granules. 
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